The use of footwear with contoured soles is common in treatment and care of patients with diabetes; these rocker sole shoes are designed to alleviate loading in key areas on the plantar surface of the foot, reducing pressure in key areas and alleviating pain and potential soft tissue damage. While investigations of pressure changes have been conducted, no quantitative study to date has addressed the three-dimensional kinematic and kinetic changes that result from using these shoes. Forty (40) subjects were tested wearing both unmodified and double rocker sole shoes, and the resulting motion patterns were compared to assess change caused by the rocker sole. Overall walking speed remained unchanged throughout testing; slightly increased flexion (<5°) was apparent at the hip, knee, and ankle during early and midstance. These results demonstrate the maintenance of gait function with minimal kinematic changes when using the rocker sole shoe. Investigations of multisegmental foot motion may reveal additional information about the contour effects; analysis of contour variations may also be warranted to investigate the possibility of controlling motion based on rocker sole parameters.
Introduction
Diabetes mellitus is a chronic condition described by the World Health Organization as an epidemic; worldwide it affects approximately 200 million persons, with a projected increase of 25% over the next decade (CDC, 2004) . Diabetes is also a costly health care condition, with an estimated total cost of $132 billion in 2002-direct costs of $92 billion, and indirect costs of $40 billion covering disability, work costs, and premature mortality.
Beyond the metabolic abnormalities inherent in the disease, vascular disease and neuropathy pose real threats to the patient with diabetes. Peripheral nerve injury affects 60-70% of diabetics (CDC, 2004) , leading to absent or diminished sensation in the distal extremities and allowing excessive, unperceived pressures that may result in plantar ulcers (Janisse, 1993) . Foot ulceration leads to deep infection, sepsis, and lower extremity amputation, with foot infection being the most common hospital admission for patients with diabetes (Pinzur, et al., 1999) . Preventive pedorthic care has been shown to decrease the high plantar pressures which can lead to such conditions (Fuller, et al., 2001; Brown, et al., 2004) , with rigid rocker bottom shoes among the most commonly prescribed devices. The Medicare Therapeutic Shoe Bill (PL-100-203sec4072) highlights the importance of such accommodative footwear in prevention of neuropathic ulceration, and authorizes Medicare coverage for one pair of shoes per patient per calendar year. To maximize the benefits provided by this coverage, it is important to understand the biomechanical consequences of varying prescriptions on motion and loading during gait.
The rocker sole shoe itself uses the simple concept of a contoured rigid platform which controls joint motion by rocking the foot from heel strike through toe-off. By adjusting the location and pitch of the contour, the weight of the body causes the foot to rock as it passes over the fulcrum of the shoe. The double rocker is unique in that the thinnest portion of the sole is at the midfoot, where a section of the sole has been removed (Janisse, 1993) . This thin portion of the sole focuses relief of plantar pressure in a specific problem area, such as those associated with a rocker bottom foot or a Charcot foot deformity. Specific shoe design is based on pressure measurements from a floor-reaction imprint; our group has previously demonstrated the effectiveness of this design in relieving midfoot pressures without exacerbating hindfoot or forefoot pressures (Brown, et al., 2004) . Other investigations of plantar pressure changes secondary to such modified footwear are widely reported in the literature (Chesnin, et al., 2000; van Schie, et al., 2000; Fuller, et al., 2001; VanZant, et al., 2001 ), but investigations of changes in joint motion (kinematics) and joint loading (kinetics) are less common (Peterson, et al., 1985; Schaff, et al., 1990; Mueller, et al., 1995; Dingwell, et al., 1999; Xu, et al., 1999) . The studies that do exist are generally limited to observational or quantitative two-dimensional analysis.
There are a number of previously published studies that investigate the effect of rocker sole shoes on plantar pressures and temporal-spatial parameters. Schaff (Schaff, et al., 1990) found changes in forefoot peak pressures with a lateral shifting of high pressure areas. Significant changes were also seen in temporal parameters. Xu et al. (Xu, et al., 1999) examined COP changes in shoes with medial and lateral support, and found a strong relationship between COP shifting and heel design. Mueller found an 11% reduction in step length with rocker sole use; Peterson (Peterson, et al., 1985) found minimal temporal changes in rocker shoe gait, although most differences occurred with increased walking speed. Electrogoniometric results showed significantly increased ankle plantarflexion just prior to foot contact, with decreased motion just prior to toe-off.
A limited number of these studies utilize kinematic and kinetic measures, and those that do restrict the analysis to the sagittal plane Mueller, et al., 1995; Dingwell, et al., 1999) . This lack of 3D motion analysis is a major limitation in evaluating the effect of prophylactic footwear on lower extremity biomechanics, as 2D models do not account for coronal and transverse plane motions which may be affected by the rocker contour. Our group has previously reported the biomechanical effects of the negative heel (Myers, et al., 2005) and toe-only (VanBogart, et al., 2005) rocker treatments in healthy populations.
This study was designed to quantify the changes in gait kinematics and kinetics caused by the use of bilateral double rocker sole shoes. It was hypothesized that measures of joint kinematics, joint kinetics, and temporal-spatial parameters would be altered by the double rocker shoe compared to normal gait patterns.
Materials and Methods
Motion analysis testing was conducted using a Vicon 370 Motion Analysis System (Vicon Motion Systems; Lake Forest, CA). Video data were synchronized with analog ground reaction force data captured from two 6DOF force plates (AMTI; Newton MA). The combined video data (f s = 60Hz) and analog data (f s = 960Hz) were used in conjunction with a biomechanical model to calculate three-dimensional motion and loading in lower extremity joints during gait.
A. Subject Selection
Forty (40) normal adult volunteers (20 males, 20 females; age 43.4 ± 8.2 yrs; Table 1 ) were recruited for participation in this study. Persons with a history or physical findings of any trunk, back, or lower extremity orthopaedic abnormalities, including foot abnormalities, were excluded from this study. Following informed consent, a comprehensive physical exam was completed to confirm the absence of any neurological or musculoskeletal impairment. The ages of the subject population (30 to 60 years) reflected the patient demographic which most commonly receives prescription for rocker sole treatments. This study was approved by the Institutional Review Boards of the Medical College of Wisconsin and Froedtert Memorial Lutheran Hospital (Milwaukee, WI); all subjects provided informed consent prior to testing.
B. Testing Protocol
All testing was completed at the Motion Analysis Laboratory in the Department of Orthopaedic Surgery at the Medical College of Wisconsin. Each subject wore two pairs of shoes (P.W. Minor & Son; Batavia, NY) fitted by a certified pedorthist (Figure 1) . A pair without a rocker was used as a control ("Baseline"), while the second pair ("Rocker") was modified with a double rocker contour and a rigid metal shank to maintain the integrity of the rocker contour. Each pair of Rocker shoes was individually fit by the pedorthist based on a subject-specific floor reaction imprint and standardized rocker design. The consistent design of the double rocker sole was such that the heel rocker began at a point 50% along the length of the heel and had an angle of 15°. The forefoot rocker was angled at 18-20°, and its apex fell behind the head of the fifth metatarsal. The thinnest portion of the sole was half the thickness of the unmodified sole, and was positioned under the base of the fifth metatarsal.
Each subject was instrumented with lightweight reflective markers (d= 25mm) placed over specific bony landmarks; marker placement followed the configuration described by Kadaba (Kadaba, et al., 1990 ). Relative motions were described using Euler angles as motion in the sagittal, coronal, and transverse planes, with an YXZ order of derotation. Each subject underwent six testing sessions. A testing session consisted of multiple walks on the laboratory walkway (length ≈ 6m) while video and force plate data were collected. Walks were completed at a self-selected speed, and rest periods were provided as needed between walks. Walks continued until at least five acceptable force plate strikes were collected for each foot (i.e. the subject's entire foot struck the force plate with no contact from the contralateral foot). Each testing session resulted in data from five strides for each foot. The full testing protocol is outlined in Table 2 .
Post-processing of the data required the identification of strides within each walking trial. Strides were identified within the Vicon data processing environment as two consecutive heel strikes on the same foot. Given the time points for each heel strike and the laboratory-based coordinates of the foot markers at those points, the software provided side-dependent temporalspatial measures for each walking trial. This allowed the independent analysis and comparison of left and right side information. Stride time also provided a means of normalizing joint kinematics and kinetics, which allowed the subsequent analysis of time-series data between subjects.
C. Statistical Methods
This study was designed as an investigation of changes in gait parameters (temporal-spatial, kinematic, and kinetic) caused by a double rocker sole treatment. Through the use of the Baseline and Rocker conditions, each participant functioned as both a test subject and his or her own matched control. Angular joint data from multiple trials within each gait session were combined and then summarized by using Fourier series (Wong, et al., 1983; Fisher, et al., 1993; Klein, 1997) to model the gait pattern in each anatomical plane. The technical details of this analysis procedure have been described previously (Myers, et al., 2005) . Due to the multiple testing for the subjects, we used a 0.01 level to determine significance.
Results
Gait cycle events as defined by Perry (Perry, 1992) were adopted for descriptions used throughout the remainder of this report: initial contact (IC, 0-2%), load response (LR, 0-10%), mid-stance (MSt, 10-30%), terminal stance (TSt, 30-50%),pre-swing (PSw, 50-60%) initial swing (ISw, 60-73%), mid-swing (MSw, 73-87%), and terminal swing (TSw, 87-100%).
Temporal and Spatial Parameters
Temporal-spatial data (cadence, stride length, velocity, and stance/swing ratio) were initially compared on a per-side basis. No significant difference was found between sides for either condition, allowing left and right side information to be grouped for reporting (Table 3) . No significant changes between shoe conditions were found for any of the parameters.
Joint Kinematics and Kinetics
Pelvis-Significant change from the Baseline condition was observed in sagittal plane pelvic motion across the entire stride (Figure 2 ). Decreased anterior pelvic tilt (relative to global laboratory coordinates) was observed at most points in the cycle, especially in ISt and ISw.
Hip-Hip kinematics for the Rocker condition demonstrated a sagittal plane flexion shift bilaterally from LR through MSt, followed by an extension shift which lasted through the remainder of the stride (Figure 2) . Analysis also revealed an external rotation shift on the right side that persevered throughout the entire stride (Figure 3) . Kinetically, significant change was seen primarily on the right side, where an increased extension demand moment at IC was followed by increased flexion demand moment for the remainder of stance (Figure 4) . A bilateral decrease in internal rotation moment was observed at IC and again from TSt through MSw ( Figure 5 ). Increased power absorption was observed in MSt bilaterally, and increased power generation was observed in ISw ( Figure 6 ).
Knee-Kinematically, the knee exhibited increased flexion at IC bilaterally, and decreased flexion in ISw and MSw (Figure 2) . Kinetically, the knee exhibited increased extension demand moment following LR (Figure 4 ). This shift toward increased extension demand/reduced flexion demand persisted through toe-off. A significant decrease in internal rotation demand moment was observed in at MSt ( Figure 5 ). Increased power generation was observed from MSt through ISw (Figure 6 ).
Ankle-Kinematically, the ankle demonstrated increased dorsiflexion at IC and during MSt bilaterally, and decreased dorsiflexion in late stance and ISw (Figure 2) . The foot progression angle demonstrated increased external rotation in late stance and early swing (Figure 3) . Kinetic analysis shows a prominent decrease in plantarflexion demand moment from MSt through MSw (Figure 4 ) and decreased internal rotation demand from MSt through ISw ( Figure 5 ). Decreased power absorption was also observed in early MSt (Figure 6 ).
Discussion
A key outcome of this analysis is the maintenance of walking speed. Coupled with our previous findings that the double rocker effectively redistributes midfoot pressures without exacerbating hindfoot and forefoot pressures (Brown, et al., 2004) , this means that the double rocker sole shoe successfully maintains functional level while relieving pressure. Changes observed in joint kinetics were of small magnitude. Previously reported plantar pressure changes were much larger. However, different models were used for each analysis; plantar pressure differences were measured using a seven-segment model, while kinetic differences were measured using a classic single-segment foot model. Comparison to preceding studies is limited by differences in rocker types; Peterson (Peterson, et al., 1985) found no temporalspatial differences between normal and rocker shoes, while Mueller reported maintenance of walking speed despite a decreased step length.
Significant changes in joint kinematics point to varying amounts of increased flexion at all joints from IC through MSt. It should be noted that the magnitude of some of these changes fell within the range of measurement error for the system (Myers, et al., 2004) ; however, while the magnitude of these changes is small and their physiological significance is unclear, their persistent presentation during the load-bearing portions of the gait cycle and the rigorous criteria employed in the statistical analysis suggest that their presence is not by chance. Overall, 72 of 135 compared points demonstrated statistically significant differences. For discussion purposes and based on our previous work (Myers, et al., 2005) , we have ascribed physiological significance to kinematic differences of 1° or greater. Similar thresholds were set for differences in moments (0.02 Nm/kg) and powers (0.05 W).
Some elements of changes observed with the double rocker treatment are similar to those observed previously with negative heel rocker (Myers, et al., 2005) and toe-only rocker (VanBogart, et al., 2005) treatments; other elements appear to be unique to the double rocker. All three treatments provide a reduction in ankle plantarflexion demand moment and overall ankle power generation during late stance and foot off. Walking speed was also maintained with all three treatments. However, the double rocker treatment led to increased hip flexion during stance and a more oscillatory pelvis throughout the gait cycle, while the negative heel and toe-only treatments resulted in reduced hip flexion and a more neutral pelvis. Changes in knee motion observed with the double rocker treatment (increased flexion in early stance; decreased flexion in swing) were similar to changes observed with the toe-only treatment, and contrasted with the persistent increased flexion observed with the negative heel treatment. Combined with demonstrated alterations in plantar pressure, these kinematic and kinetic factors may have significant implications in shoe prescription for patients experiencing problems with stability or swing phase foot clearance.
While the absence of initial dorsiflexor demand moment at the ankle might be expected for the Rocker condition, its absence from the Baseline results is notable. In normal gait, the dorsiflexion demand moment coincides with the eccentric contraction of the tibialis anterior as the foot is lowered to the floor following initial contact. Previous investigations have reported this phenomenon at varying magnitudes and durations for barefoot walking (Scott, et al., 1991; Perry, 1992; Eng, et al., 1995) . While the morphology of the Baseline curve follows that of previously reported results, a baseline shift is also apparent. Differences in walking speed between this study and previous studies may account in part for this difference; subjects in the present study did not demonstrate a difference in walking speed between shoe conditions, but did walk approximately 25% slower than those reported in the earlier studies. It should also be noted that in the present study, extra-depth P.W. Minor shoes were used for both conditions. Most previous investigations of the effect of heel height on gait are limited to running, but there is evidence to suggest that the magnitude and timing of the dorsiflexion demand moment are affected by changes in heel height (Reinschmidt, et al., 1995) . More recently, van Schie and colleagues demonstrated that increases in sole height reduce pressure loading on the metatarsal heads and toes (van Schie, et al., 2000) . The intertarsal manifestations of such pressure changes would also be expected to have an effect on ankle kinetics.
The double rocker sole shoe is indicated for severely affected feet (e.g. Charcot deformity). A previous investigation has demonstrated its effectiveness at reducing hindfoot and forefoot pressures, while preventing excessive overloading at the midfoot. While the weight of the subject is transferred to the hindfoot and forefoot, there is no actual weight relief during initial contact until the forefoot makes contact with the ground. The double rocker decreases midfoot loading, while the negative heel and toe-only rocker soles increased loading in that area. The nature of these loading changes suggests that within-shoe motion of the foot may be changing between the Baseline and Rocker conditions. The model used in this protocol is not able to assess these changes in multisegmental foot motion, as the foot is represented as a single rigid segment.
Further assessment with a multisegmental foot model, in conjunction with a lower extremity biomechanical model, may be warranted for a more complete understanding of changes. This could include the nature of the measured pressure redistributions, as well as intertarsal kinetic changes and their effect on ankle kinetics. Many current multisegmental foot models are illsuited for such an in-shoe application, as they require the application of multiple markers to the skin surface. Previous studies investigating in-shoe motion of the hindfoot have utilized windows cut in the shoes for placing markers directly on the skin Williams, et al., 2003; Stackhouse, et al., 2004) ; this method may work well in the current application. Alternatively, an approach involving dynamic radiography (fluoroscopy) would provide measures of motion with no alteration to the shoe structure, and could index this motion directly to the bony segments. Such fluoroscopic methods have been validated (Anderst, et al., 2003) and are well-recognized in investigations of knee motion (Dennis, et al., 2003; Fantozzi, et al., 2003; Tashman, et al., 2004) , and may hold promise for investigating the foot.
The use of normal (nonpathologic) subjects, while serving as a reliable means of comparison between shoes, also limits the study in that the response of the target population (persons with diabetes and/or peripheral neuropathy) is not being assessed.
The study is also limited by the single-visit nature of testing for the shoe; as all testing was done in one session, we cannot conduct an assessment of within-or between-day variability. It is possible that the changes observed may vary over a longer period of rocker sole shoe use. To address these limitations, further study with the patient population in question may be warranted to determine if the small magnitude of change observed in the normal subjects is a typical response, or unique to a population without foot pathology. Multi-session testing for within-and between-day variability is also warranted to investigate the possibility of transience in the changes induced by the double rocker sole shoe. Performing such testing with both normal and pathologic populations would provide an additional level of analysis missing in the current literature.
The major benefits of the double rocker modification appear to be a beneficial redistribution of plantar pressures with maintenance of walking speed. It should also be noted that the longterm effects of apparent subtleties that are statistically significant have not been defined and may yield significant insight following further study. Further investigation is warranted to examine the changes in motion and loading in multiple segments of the foot, and their relationship to the previously measured plantar pressure changes. Additional work in the area of prophylactic footwear may include optimization of contour design, as well as investigations of postural stability and energy consumption alterations. 
